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Comparative Analysis of Three Fretting Fatigue Fixtures

Patrick J. Golden', Alisha L. Hutsonz, Bence B. Bartha®, Theodore Nicholas*

Abstract

Three fixtures for conducting laboratory fretting fatigue tests are described and their
respective testing methods and the results of the analysis are compared. Each of these fixtures
has been used to investigate the effects of various parameters of interest in fretting fatigue.
These fixtures include a unique apparatus in which all load applied to the specimen is transferred
to the fretting pads, an apparatus similar to many found in the literature where partial load
transfer occurs across the pads, and a simplified dovetail fixture in which the clamping load, P,
and the shear load, Q, are varied in phase. Select test conditions from prior experiments
performed on identical material and resulting in similar lives ranging from 1 to 10 million cycles
from these fixtures are identified. The various testing conditions were used to compute the
unique stress field for each case. The resulting contact stresses were used to calculate crack
initiation based criteria, and to calculate stress intensity factors. The three fixtures were shown
to be able to accommodate a range of loads, fretting pad contours, and specimen geometries that
produced a variety of stress fields. A crack-initiation-based criterion was shown to predict the
failure lives of thinner specimens accurately. The stress intensity factor calculations showed the
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minimum for K as a function of depth. The fixtures are shown to be complementary in
generating data for development of robust fretting fatigue models that use these criteria.
1. Introduction

Fretting fatigue is a problem that can lead to component damage or failure in applications
where two components are in contact and undergo small cyclic relative motion, as in a dovetail
slot in an aircraft turbine engine. Part of the difficulty in developing a robust model for fretting
fatigue lies in the many conditions under which fretting wear and fretting fatigue may appear.
Experimental techniques have been developed to simulate service conditions that include applied
stresses, materials, contact geometry, time dependent contact interactions and environmental
factors [1]. However, considerable difficulty has been encountered in applying the results of
these investigations to service components, or even to other test geometries due to the
interdependence of many of the critical parameters, and the localized nature of the phenomena.

The results of various efforts to model and predict fretting fatigue lives or fatigue limit
stresses range from application of knockdown factors to determination of parameters for fretting
fatigue limit stresses to fracture mechanics based methods involving thresholds for long lives or
crack growth rate calculations for shorter lives. Knockdown factors must be determined
empirically, and are therefore, limited to specific contact and material conditions. The stress-
based approach to fretting fatigue life prediction based on maximum stresses at the surface
generally under-predicts fretting fatigue life and is also limited to given contact conditions [2].
Fracture mechanics methods have heretofore been unable to demonstrate the existence of
threshold conditions under a variety of experimental conditions [3]. While each technique or

combination thereof has its merits, none have been demonstrated to be solely applicable to



service components because of the complexity of the component geometry as well as the wide
range of loading conditions to which the components are subjected.

Data for modeling efforts are normally generated using a single experimental apparatus in
most laboratories. While the extension of modeling from one geometry to another is a
worthwhile cause, the practicality of having well documented and complementary conditions
often precludes such an undertaking. An assessment of the literature does not indicate that one
can define a “best” apparatus for performing fretting fatigue experiments and generating the
most useful and relevant data. The authors have the benefit of having three different fretting
fatigue test fixtures in one laboratory on which experiments have been performed on identical
material and in similar total life ranges. The purpose of this paper is to compare these three test
systems using various contact geometries and a range of applied loading conditions involving the
clamping load, P, the resultant or applied shear load, Q, the bulk stress, ohuik, and friction
coefficient 4. Finite element and numerical contact mechanics analyses are used to calculate the
stress fields for the various experimental loading conditions. Fracture mechanics methodology
and a stress-life approach are employed to assess the experimental results. The merits of these
modeling methods on each fixture are discussed in terms of the range of viable conditions and
the unique features offered by each.
2. Experimental Background
2.1 Experimental Fretting Fixtures

Three experimental fixtures used in the authors’ laboratory were compared in this work.
Each fixture was selected because of the unique features offered to allow investigation of
different regimes in fretting fatigue, and availability of data from prior investigations. The first

system, called “fixture A”, is used to test relatively thin flat specimens against flat pads with



blending radii at the edges of contact (see Fig. 1) [4]. The entire load applied to the specimen is
transferred to the fixture through the fretting pads. Thus, the portion of the specimen beyond the
contact area is not subjected to the bulk cyclic load. Gross slip is eliminated throughout each test
because the ratio of the normal load to the shear load is higher than the friction coefficient
(Q/P>p1), thus minimizing the fretting wear component of damage that tends to obscure small
cracks. The shear force, Q, is simply equal to half the remotely applied bulk stress, opuik, times
the cross sectional area as in Eq. 1. In this fixture, Q must be kept relatively small compared to
the clamping force, P, so that the specimen does not slip out of the fretting pads. Additionally,
values of opuk need to be high enough to represent conditions that occur in components. This

drives the design of a thin specimen resulting in relatively high oy and low Q.
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An additional capability of this fixture is that each test consists of two fretting tests
loaded under nominally equal conditions. For each failure this results in a second test that has
been loaded to “100% of life”, but has not yet failed. To take advantage of the test data locked
into the unfailed end of the fretting fatigue sample, a double-dogbone specimen has been
developed and used in some prior experiments. These specimens were devised so that the
fretting condition could be removed prior to fracture, and the resulting damage zone tested under
uniaxial fatigue conditions to evaluate the effect of the damage on material fatigue strength [5].
Through fractography, any existing fretting cracks can then be identified and measure.

The second system, called “fixture B”, uses a flat dogbone specimen contacted on both
sides with cylindrical or short flat pads with blending radii at the edges of contact, as shown in
Fig. 2 [6]. This fixture is typical of many reported in the literature [7]. Unlike fixture A, it

produces partial transfer of the axial bulk load through the fretting pads due to friction, to a



nominally rigid fixture that controls the applied clamping load and pad alignment. The amount
of load transfer from the specimen to the pads is controlled by the ratio of the specimen
compliance and the fixture compliance. For a lower normal load relative to the shear load where
the Q/P ratio is closer to £, gross slip may occur during the run-in process until surface
interactions increase the local coefficient of friction, 4, to a steady state value, after which partial
slip conditions prevail. Both cylindrical and rounded-flat pads were tested on this fixture. These
pads have also been used in studies to determine the fatigue behavior of fretting initiated cracks
using “C-Specimen” design [8]. Since the fretting pads have the same contact loading history as
the specimens, less the bulk stress, they will also nucleate fretting cracks. The size and behavior
of these fretting cracks have been studied.

The third system is a simplified dovetail fixture (Fig. 3), called “fixture C”, in which the
shear and clamping loads are the reactive forces to the applied loading and, therefore are both
cyclic and in-phase with the applied load. The compliance of the specimen and fixture determine
the normal, P, and shear, Q, load paths during the partial slip. The contact loads are determined
indirectly through the use of strain gages on the fixture. P and Q are calculated using Finite
Element Analysis (FEA) combined with the strain gage results as described in Golden and
Nicholas [9] and based on prior work by Conner and Nicholas [10]. Flank angles of 35°, 45°, or
55° are incorporated in three variations of this fixture. Similar to the Fixture B setup, cylindrical
or short flat pads with blending radii may be used in the experiments. Gross slip may occur
during the run-in portion of the test for the reasons described for fixture B. Also, as in fixture B,
a miniature “C-specimen” has been developed for fixture C. This miniature C-specimen can be
machined from the fretting pads of fixture C and tested in precisely the same manner as

described in Golden et al. [8], just on a smaller scale. Additionally, the miniature C-specimen



can be adapted to the dovetail specimen. It can be machined out of an unfailed side of the
specimen or from both sides of an interrupted or runout specimen. The trailing edge of contact
where cracks nucleate is located in the center of the “C”. Again, use of the double dogbone, C-
specimen, and mini-C-specimen are methods being used in the AFRL for gaining additional

fretting crack data from each of the three experimental fixtures.
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Fig. 1: Schematic of the full load transfer fixture, “A”.
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Fig. 3: Photograph of the dovetail fixture, “C”.



2.2 Material

The material used throughout the experiments reported here was Ti-6Al-4V. This
material was selected for both the pads and specimens in this study because of its widespread use
in aerospace applications and its use in the National Turbine Engine High Cycle Fatigue (HCF)
Program within the U.S. Air Force over the past several years. This material was a+f3 forged
from mill annealed bar stock then treated at 927°C for 1 hour, fan air cooled, and stress relieved
at 704°C for 2 hours. The result of this solution treatment and over aging was a bimodal
microstructure with a primary alpha grain size diameter of approximately 20 pm (60% volume
fraction) and a balance of lamellar a+f3. This material has a modulus of 116 GPa, and a yield
strength of 930 MPa under the ambient laboratory conditions used in the experiments. The
microstructure of the material can be seen in Moshier et al. [11].
2.3 Experiments and Analysis

The experimental results for this work have been previously documented [4,6,9].
Conditions (shown in Table 1) were selected from available data to facilitate comparison of the
experimental results and analysis that was performed using those conditions. In general,
maximum applied bulk stresses between 200 and 300 MPa were selected for stress ratios, R,
between 0.3 and 0.5. All experiments were performed on specimens of similar dimensions and
surface finish without coatings or surface treatments. (Note: the specimen thickness shown for
the dovetail specimens corresponds to the distance between the trailing edges of contact on
opposite sides of the specimen.) All pads were also of similar surface finish without treatments,
and were nominally flat with blending radii of 3 mm, except for one test (B3) featuring
cylindrical pads with 50 mm radii. The specimen width was 10 mm for fixtures A and B and 7.6

mm for fixture C. In fixture A, the normal load P applied to the pads was approximately 40 kN,



whereas only 8-9 kN was applied to the pads for Fixture B. In fixture C, only the 45°
experimental results are considered in this paper. The clamping loads were coupled to the
applied remote load, and ranged between 8.5 and 15.5 kN.

Table 1: Experimental geometries, load conditions, and analysis input parameters.

Max * Spec. Spec.  Pad Flat
"l;e]:)st Gbulk B1u{1 k Plt/llgli) 8{“{\‘}3 (%TIS Thickness  Width Length ( ti?n}écslii)(’)
(MPa) (mm) (mm) (mm)

Al 403 0.5 40.0 40 20 2 10 19.05 10
A2 300 0.5 39.0 3.0 1.5 2 10 19.05 10
A3 299 0.5 39.4 3.0 1.5 2 10 6.35 10
A4 230 0.5 39.3 23 1.2 2 10 6.35 10
Bl 200 0.2 9.1 1.0 0.0 4 10 3.05 2
B2 300 0.4 9.0 1.3 0.7 2 10 3.05 2
B3 299 0.3 9.0 1.0 04 2 10 0 2
B4 230 0.2 8.0 0.8 0.1 1 10 3.05 5
Cl 159 0.1 8.4 (1.8) 2.8 -0.6 20 7.6 1.0 10
C2 296 04 141093 13 -14 20 7.6 1.0 4.49
C3 204 04 13.08.3) 24 -05 20 7.6 1.0 5.23
C4 242 04 15507 27 -04 20 7.6 1.0 5.52

" Values in () correspond to minimum values for that parameter.

In fixtures A and B, the tests were performed using a step-loading procedure in which the
bulk stress was selected so the specimen can undergo a pre-selected number of cycles without
fracturing. Then, the bulk stress was increased by a small percentage, and the block of cycles
was repeated. This step process was repeated until specimen fracture, and fatigue limit strength
for the selected fatigue life could be interpolated [2]. The step-loading approach was not used
for tests in the dovetail fixture (fixture C), but the stress-life (S-N) fatigue lives are similar to the
fatigue lives selected for fixtures A and B. The step-loading procedure has been validated for
fixtures A and B through comparison of S-N results to the fatigue limit stress data described
above [4]. Using the parameter values from each experiment, analyses were performed to allow
comparison of local edge of contact (EOC) conditions that produced failure in the number of
cycles indicated in Table 1. Each analysis included an evaluation of the axial stress field, via

finite element or numerical methods, followed by calculation of the stress intensity factor, K, for



an assumed crack growing in the mode I direction. For fixtures A and B, this was a crack that
was normal to the applied loading direction. In Fixture C, the mode I crack growth direction was
inclined approximately 15° from normal away from the contact area. The resulting stresses were
used to assess criteria for crack initiation and the K fields were used to determine the conditions
for crack arrest or continued propagation.

The contact stress analysis was conducted on two experiments covering the widest range
of behavior from each of the three fixtures, indicated in Table 1. In fixtures B and C, the contact
usually undergoes gross slip during early cycles of the test until the coefficient of friction, 4,
stabilizes and a transition to partial slip conditions takes place. Thus, the analyses were
performed for a cycle in which y was stable and partial slip conditions prevailed. Because of
questions that arise pertaining to the local coefficient of friction, g, in the slip region, several
values were used for each of the calculations. The analysis assumed a two-dimensional plane
strain linear elastic problem for each experiment with quasi-static loading. The surface tractions
were calculated for each experiment using singular integral equations with the software CAPRI
[12]. The inputs to CAPRI were the pad geometry; the total normal force, P; and tangential
force, Q; bulk stress, onyk; and material properties including Young’s modulus, E; Poisson’s
ratio, v; and coefficient of friction, . The subsurface stresses were calculated using Fast Fourier
Transform (FFT) techniques that accounted for the effect of specimen thickness on the stress
gradient [6].

The surface and subsurface stress fields were then used to correlate with S-N and fracture
mechanics models respectively. The surface stress field was used to calculate the equivalent
stress, Oeq, distribution along the contact surface as defined by Murthy et al. [13]. The equivalent

stress quantity accounted for the multi-axial stress state and the local stress ratio at each point. It
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was then used with a stressed area technique to determine a crack nucleation life, N, based on
data from smooth bar and notched bar fatigue tests [14]. The subsurface stress field below the
EOC was used to calculate the mode I stress intensity factor range, 4K, based on a semi-elliptical
surface crack using a weight function approach [15]. An effective stress intensity factor range,
denoted K, was then used as the crack driving force. Kes is dependent on the local stress ratio,
R, and is defined by Eq. 2 where m is a constant determined empirically from crack growth data
[11]. The values of m for this material were 0.72 for R > 0 and 0.275 for R < 0. Mode mixity
was not considered since it has been shown to have negligible effect in these fixtures [3,15].

Ky =AK({I-R)"™" 2)
3. Results
3.1 Shear and Normal Load Histories

For the three fretting fatigue fixtures discussed here, partial slip conditions prevail during
the bulk of the applied cycles, thereby producing the damage of interest. One method for
describing and comparing the loading conditions in these experiments, and for comparing the
experimental conditions to what occurs in an engine dovetail slot, is to plot the shear force, Q, as
a function of the normal force, P, in the contact region. Such a plot can provide information on
the evolution of the stick or slip nature of the region of contact. In fixtures A and B, the normal
load P is applied directly while the shear load Q is a direct consequence of applied bulk loads
and the compliance of the fixture. In both configurations, P is held constant throughout the
experiment. In fixture C, an open hysteresis loop of the P versus Q plot can be seen during the
run-in cycles.

In Fig. 4, the conditions for a common laboratory experiment conducted under constant

clamping load using either fixture A or B are shown on a plot of Q against P. The clamping load
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is applied first, represented by line O-A. Two lines bound the region where all combined values
of Q and P can take place. The one boundary is when the bodies slide with respect to each other
in one direction while the other is when they slide in the other direction. All other points in the
enclosed region represent partial slip conditions. The boundaries are given by Eq. 3 where p is
the average coefficient of friction. All sliding must take place along these lines. The lines are
denoted as the "slide out line" and the "slide in line" as described by Gean [16] in characterizing
the conditions in a dovetail slot in an engine where the blade can tend to slide out of the disk or
back into it.

Q=wPandQ=-uP (3)

In fixture A there is no sliding while fixture B may involve partial slip conditions as the
specimen is subjected to cyclic shear loading between points B and C, for example. If the initial
shear load produces slip at point B and the coefficient of friction increases, then the slide out line
will take on a higher slope and the remainder of the test will be conducted in partial slip. If the
conditions are such that slip takes place at one point in the cycle for each cycle, such as in
cycling through D-C, then a ratcheting condition will occur. If slip takes place at both maximum
and minimum shear load, then the cycle would be represented by D-E. In either of the last two
cases, the hysteretic nature of the cycle does not show as a hysteresis loop in a Q-P plot such as
Fig. 4. Rather, it has to be recognized that once a point in the cycle is reached that touches either
of the slide lines in the figure that sliding will take place. The amount of sliding is not reflected

in such a plot.
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D /

slide out line B

Q
0 A
C
slide in line
E
0 P

Fig. 4: Plot of Q against P for any two bodies in contact. Possible paths for simple laboratory
experiment with constant P are also shown.

The simulated dovetail experimental fixture C produces a condition where the Q versus P
variations are more complicated. The Q-P path followed during a laboratory experiment is
depicted in Fig. 5. Here, the specimen slides along the fixture as load is increased until point A
is reached. When the load is decreased, the path from A in the direction of B will be followed.
Further cycling with no sliding will then take place along the A-B line, never reaching A or B
during the test. Increasing and decreasing load will produce motion as indicated in the Fig. 5. If
the load decrease is very large, however, sliding will take place at point B and continue along B-
C until minimum load is reached at point C. When the load is increased, the lines C-D (partial
slip) and D-A (total slip) will be followed until maximum load is reached at point A. In the
dovetail experiment, a complete hysteresis loop A-B-C-D-A can be followed for low values of

load ratio, R, while for large R a path somewhere along the A-B line will be followed.
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slide out line

incr load

decr load

slide in line

0 P
Fig. 5: Q-P plot for laboratory dovetail fixture C.
For comparison with the laboratory experiments, Q versus P for a dovetail slot in an
engine is shown in Fig. 6. This Q-P plot for an engine mission indicates the various paths that Q
and P can follow due to changes in engine rpm. Starting at rest with zero applied load, the first
increase in engine rpm produces sliding to point A. A decrease in rpm from that point produces
a further increase in normal load, P, even though the centrifugal load from the blade is
decreasing [16]. The reason for this is the expansion of the disk changes with engine rpm (or
centrifugal load) so that the net effect is to increase the load P with decrease in rpm. If the
engine goes through small throttle excursions after the maximum rpm at point A, then the Q-P
path will involve points somewhere along the line A-B with the direction of movement due to
increase or decrease in rpm as shown in the figure. If the decrease in rpm is large, the path can
go from maximum rpm at A to point B, where "sliding in" starts to take place, to point C where
minimum rpm is reached. An increase in rpm from that point will take the path from C to D and
then along the line D-A. Complete shut down will follow the path from A to B to the origin.

Thus, for small throttle excursions, the behavior will be somewhere along the line A-B while for

14



large excursions, where low speeds are reached, the path can follow A-B-C-D-A. Note again
that unless points A or B are reached during some throttle excursion, the dovetail slot remains in
partial slip.

Comparison of the three plots, Figs. 4, 5, and 6 shows that for conditions involving only
partial slip the line followed on a Q-P plot for the constant load experiment, the engine dovetail
slot, and the laboratory dovetail specimen has a slope that is zero, negative, or positive,
respectively. The laboratory simulations of a fretting fatigue event shown above are seen to be
different than what occurs in an engine dovetail, and these differences should be noted when

developing models that take load history into account.

slide out line
A

incr rpm

decr rpm
slide in line

0 P
Fig. 6: Q-P plot for an engine dovetail slot.

3.2 Bulk Stress

For the experiments summarized in Table 1, one important quantity of interest that is not
featured in the plot of Q and P is the bulk stress, opuk. In Fig. 7, the conditions used in each
fixture are shown in terms of Q/P as a function of applied bulk stress, opuk. These lines could

have been extended by increasing the maximum stress, or by decreasing the stress ratio. In
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fixture A (A2 and A3), the position of the Q/P line is constant because opyik is constrained by P.
Note that A3 is essentially identical to A2 in the figure. The available P values in this fixture are
quite high, allowing the study of conditions that cannot be achieved in fixtures without full load
transfer across the contact, but lower P values are limited to those that can restrict gross slip.
Changing the specimen thickness may vary the slope of the Q/P lines, but the practical range of
thicknesses is limited to between 1 and 4 mm due to hardware and remotely applied load (obyik)

constraints.

0.5

[ % and SX A2
a ok S o SXA3
g s SX B2
---- SXB3

sxc3

== SXC4

B o e T St S S e ————
100 200 300 400
S pulk (MPa)

Fig. 7: Range of test conditions for each fixture quantified as the ratio shear, Q, to normal, P,
load versus far field applied bulk stress opyik.

For fixture B, represented in Fig. 7 by lines B2 and B3, the total normal force P can be as
low as desired within the ability of the testing hardware to control the load. Also, the total
applied bulk stress, opyik, 1S not constrained by and is not coupled to P, allowing the position of
the Q/P curves (i.e. the y-intercept) to change. In the experiments shown in Fig. 4, the specimen
thickness was nominally the same, but the slope of the Q/P line can be changed by varying the

thickness.
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In fixture C, P varies in phase with opyi, so it is coupled to but not limited by P. The
slope of the Q/P versus opuk curve changes with the value of the remotely applied force. Higher
remote loading resulted in a higher opyi, for the same value of Q/P. Q/P is dependent on
coefficient of friction which is generally independent of load. Also, negative Q/P values can be
achieved with the reversal of the shear load during the loading cycle due to initially sliding
followed by partial slip conditions during unloading.

In fixtures B and C, a wide variety of pad geometries may be employed. Experiments
have been performed using both cylindrical and nominally flat pads with blending radii at the
ends of the flat. In fixture A, contact pad geometries are limited to nominally flat pads with
relatively large flat lengths, because the remote load is constrained by P. The use of very short
contact lengths or cylindrical pads in this fixture would not permit full load transfer across the
contact without extremely high levels of plastic deformation. In all three fixtures, nominally flat
fretting pads may have flat lengths and blending radii varying over a considerable range.

3.3 Local Stress Fields

The tangential component of surface stress, oy, for the three different fixtures under
maximum loading is shown in Fig. 8. Here, X is parallel to the surface of the specimen and a is
the half contact length. The position values are normalized to allow comparison of the stress
fields for different contact lengths. The calculated elastic stress peaks for each case are well
above cyclic yield (930 MPa), but only over a very small volume. A sharp stress gradient is
shown at the edge of contact in each experiment. The highest peaks occur for fixture C (C3 and
C4), while fixtures A and B had slightly lower stress peaks, with the cylindrical pad experiment
from fixture B (B3) having the lowest EOC stress peak. The peaks are consistent with the point

of crack nucleation for each experiment and decay to far field values within 1 mm of the stress
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peak. The stress peaks are also a function of the contact geometry as noted in the legend and
summarized in Table 1.

The distribution of oy below the EOC at maximum load is shown in Fig. 9 as a function
of depth below the specimen surface on a semi log plot. The EOC location is also the location of
peak oy at the surface. Here, Y is the coordinate into the specimen depth. For fixtures A and B,
y is normal to the surface. For fixture C, Yy is inclined 15° from normal away from the contact
area, since this was the crack growth path. For the dovetail experiments (C3 & C4) the
subsurface stresses decay the most rapidly and become compressive at a local minimum that
occurs at ~100 um. The local minimums for fixtures A and B are not as well defined. They are
tensile and occur closer to the surface than in fixture C, between ~50-100 um (A2, A3, B2). For
the cylindrical pad (B3), the stress field does not decay as rapidly as in the other cases, and the

local minimum is not present.
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Fig. 8: oy stress profile along the contact region, where Fig. 9: oy stress gradient into specimen thickness,
0.0 corresponds to the center of the fretting pad and from surface at Y=0 to Y=1.0 mm.

negative X values correspond to the trailing EOC.

3.4 Fracture Mechanics Calculations
Stress intensity factors for cracks along the maximum mode I path were determined from

the calculated stress fields using a weight function approach. The effective stress intensity factor

18



range, denoted by Kegr, for each experiment as well as the short crack, K sc, and long crack, Ki e,
thresholds for a given crack depth, a, are shown in Fig. 10. The short crack threshold was
computed using the correction proposed by El Haddad, et. al. [17].

Kefr for all three fixtures under nearly all tested conditions falls above K sc for cracks
below ~100 um, suggesting that all cracks will propagate to some length, however, not all will
propagate to failure. K for fixture A is shown to cross the short crack threshold near 10-20 um
crack depths under some loading conditions. The dovetail fixture experiments, however, have a
local minimum for Keg at approximately 200 pm where long crack fracture mechanics dominate,
indicating a potential for these cracks to arrest. In fixtures A and B, K¢ continuously increases
and does not have a local minimum.

The most rapidly increasing Kt is shown for fixture B. Kef is similar in magnitude for
fixtures A and B for very small flaw sizes, but the rate of increase of Ke for fixture A does not
occur until after approximately 100 um. Crack growth lives, therefore, would be expected to be
much longer for experiments using the A fixture than those for the B fixture. If the total lives are
similar, then initiation would have taken place earlier in the fixture A experiments than for those
in fixture B. The results for the dovetail fixture, on the other hand, show a distinct possibility
that initiation could have taken place at stress levels below those that were recorded for total
failure. A critical stress level had to be exceeded, according to the K analysis, in order for a
crack to not just nucleate, but to exceed the crack growth threshold because of the observed dip
in the applied K. The difference in the initiation and threshold behavior of fixtures A and B
compared to the fixture C can be primarily attributed to the differences in thickness. The finite
thickness stress analysis results influence the gradient of oy into the depth, which also affects

Ker. For thin specimens it is very difficult to achieve a local minimum in Keg.

19



600

o A
a B
c
— % Smooth Bar 1e7 Cycles
a00f
s
= §
3’ & ! o
e § ° 8
200}
0 o . 1 . 2 ' 3 1) P ki J
10 10 10 10 0 05 1
a (um) n
Fig. 7: Effective stress intensity factors calculated for Fig. 8: Equivalent stress as a function of x and
increasing flaw size, a. compared with a smooth bar equivalent stress.

3.4 Coefficient of Friction

The equivalent stress, oeq, results for four representative experiments from each fixture
are shown in Fig. 8 for varying friction coefficients. The experimental results for fixtures A and
B are predicted well by the smooth bar oeq at ten million cycles, however, the equivalent stress
results for the dovetail fixtures are shown to be significantly higher than the smooth bar
predictions. The assumed value of the coefficient of friction, g, is also shown to increase oy
more for fixture C than for the other two fixtures. Also, the value of oeq is significantly higher in
fixture C. This indicated that cracks might nucleate at a very low fraction of life in the dovetail
specimens, which is consistent with the previous fracture mechanics observation that cracks
could have nucleated and then arrested. A higher load level was needed to overcome crack
arrest. No instrumentation was used to detect the possible initiation that is speculated to have
occurred in the dovetail tests. Another consideration is the difference that is speculated to occur
in the propagation lives between fixtures A and B based on Fig. 7. One explanation is that

fixture B has a shorter crack growth life, but a longer nucleation life than experiments in fixture
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A. Fig. 8 however, does not support this conclusion since both fixtures A and B have nominally
the same values of the nucleation parameter ceq.
4. Discussion

A stress-based initiation model predicted the experimental results for fixtures A and B
fairly well, as shown in Fig. 8. The initiation model applied to fixture C, however, predicted a
much lower life to crack initiation than the actual total lives of the specimens. This may be due
to the specimen thicknesses in fixture A and B experiments which were thin (1-2mm) relative to
the contact size compared to the fixture C experiments. These results are consistent with other
work that has shown that specimens that are thick relative to the contact length, a, (t/a > 5)
produce higher equivalent stress results than the predicted smooth bar results for the same total
life [6]. A limitation of the nucleation based tool is that it does not account for the propagation
life. The propagation life is expected to be shorter for thin specimens under similar loading,
which may account for the difference in the prediction. Also, for the same surface contact
conditions, the thin specimens have been shown to have higher subsurface stresses which would
also drive higher crack growth rates [6]. Experimental results using interrupted testing for
fixture A, however, have shown crack initiation to occur both early and late in life for different
test conditions that are both represented in the cases shown here. Therefore, accounting for the
propagation life may not fully explain the differences in the initiation based life prediction tool.

Stress intensity factor calculations of Kef versus crack size have been used to predict the
minimum crack size that could lead to failure in these experiments. This analysis accounted for
the subsurface stress field, which is ignored by the initiation model. The local minimum in the
Kett versus a field that often occurs in thick specimens such as the dovetail experiment would

predict a crack to grow to a particular length and arrest. This observation explains the short
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predicted initiation life compared to the total life in fixture C. Cracks may nucleate very early in
life as the model predicts, but fail to grow to fracture or have a very high fraction of life in crack
growth. This result is supported from run-out and interrupted experiments that have shown
fretting cracks to be present for load cases where failure does not occur. The local minimum in
Kerf 1s not predicted for the thin specimens, however, some of these experiments have also been
shown to have fretting cracks that did not propagate to failure. This may be due to Kt dropping
below the short crack stress intensity factor range, or simply the test was stopped before the
crack grew.

The results have also shown that the assumed average friction coefficient, z, has a
significant effect on the stress fields, which has a greater influence on the nucleation life
predictions more than the fracture mechanics solutions. The large effect of L on Nj is because N;j
is predicted by the stresses on the contact surface where the effect of 4 is the most pronounced.
Although K is affected by p near the surface at the EOC, the effect of x on the stress field
diminishes 50-100 um below the surface. It appears from the analysis shown in Fig. 8 that a slip
zone coefficient between 0.5 and 1.0 is a reasonable value to assume for the life prediction. This
is consistent with experimental and analytical determination of the slip zone coefficient of Ti-
6Al1-4V on Ti-6Al-4V contact performed by Murthy et al. [13].

The above modeling tools have been shown to be influenced by the loading and contact
conditions that were varied in the three fixtures. The crack nucleation criterion depended highly
on the surface stress field that is generated by each loading and contact condition. The high
normal loads used in Fixture A to prevent gross slip may significantly decrease the run-in
process when compared to the other two fixtures. This may result in the local slip zone friction

coefficient being different (lower) than that from the other two fixtures because of the lower
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amount of relative slip that is seen in the slip zones. The entire bulk load is also transferred to
the pad in Fixtures A and C, whereas only a partial load transfer is seen in the Fixture B. The
variation in the pad geometry, the frictional behavior, as well as the shear load behavior in the
contact region gives rise to a varying shear stress distribution for each fixture. This shear stress
distribution on the contact surface has a significant influence on crack-nucleation-based models.
Thus, the unique normal and shear loading conditions of each fixture can be used to exercise
these initiation-based models.

Various aspects of each fixture also affect the fracture mechanics based models. In this
case the subsurface stress field significantly affects the SIF calculations. The applied normal and
shear loads influence the magnitude of the subsurface stress distributions. The shape of the
subsurface stress field is influenced by the geometry of the contacting pad. It was shown that a
large edge radius pad, as was the case for fixture B with the cylindrical pad, produced a stress
field that did not decay as rapidly into the subsurface as a smaller edge radius pad that was used
in the other two fixtures. The thickness and geometry of the specimen was also shown to
influence the subsurface stress field. Fixture C, which had a thicker specimen geometry than the
other two fixtures, showed a local minimum occurring in the subsurface stress field. This local
minimum was not observed in the other two fixtures with thinner specimens, yet similar pad
geometries. The specimen thickness also influenced the predicted propagation life. Therefore,
the particular specimen thickness and pad geometry that each fixture is able to use is also an
important aspect in exercising the fracture mechanics based models.

5. Conclusions
Three different fretting fatigue fixtures are demonstrated to be able to produce a wide

range of testing conditions that can be used to further develop current modeling efforts. Both
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fracture mechanics and stress-life initiation models were considered for each of the three fretting
fatigue fixtures used at the AFRL. Comparisons were made on the same material for long life or
runout experiments. It was shown that in fixtures A and B, for the conditions used in these test
programs, the fretting fatigue limit correlated well with the stress-life parameter. The use of thin
specimens, relative to the contact size, in fixtures A and B along with a higher subsurface stress
explain this observation.

For experimental data generated corresponding to similar total lives in the range of 10° to
107 cycles, the stress intensity factor fields were shown to be different for each fixture. The
experiments conducted in fixture C appear to have loading conditions where the crack driving
force drops below the material crack growth threshold, corrected for small crack behavior,
leading to crack arrest. In fixtures A and B, the analysis shows that the crack driving force will
generally exceed the small crack corrected threshold for all crack lengths. One loading condition
in fixture A was shown to drop slightly below the small crack threshold at a crack depth of
approximately 20 um. It is therefore possible to design loading conditions in these fixtures that
nucleate and then arrest cracks. The shapes of the stress intensity factor fields are rather
insensitive to changes in the local contact stresses due to changes in the average coefficient of
friction.

Based on the experimental conditions covered herein, only the dovetail fixture showed a
stress intensity factor field that allowed for cracks to nucleate and arrest until the load required to
exceed the long crack growth threshold is surpassed. Thus, the load causing failure in this case
relates to the threshold stress intensity factor range and not to a nucleation criterion. On the
other hand, fixtures A and B produced stress conditions where the load that produced failure

related to a criterion for crack nucleation since any crack that nucleated would continue to
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propagate. In general, for any fixture it is important to compute the fracture mechanics driving
force, and compare it with the threshold stress intensity factor range including short crack
behavior if the data are to be interpreted correctly.

The comparisons among the three fixtures demonstrate that a simple fracture mechanics
model is insufficient to explain all of the experimental results. Rather, both crack nucleation and
crack propagation appear to be necessary considerations for this total life range of 10° to 10’
cycles. Further complicating the matter is the sensitivity of the local stress results to x, the
loading conditions, and the pad and specimen geometries. Each fixture showed the ability to
vary these conditions to produce a variety of stress fields in order to exercise these models. The
three fixtures can accommodate a variety of specimen thicknesses, fretting pad shapes, contact
lengths, and loading conditions. Fixture A is more suited to longer contact lengths while the
other two fixtures are able to use shorter flat lengths and cylindrical pad geometries. On the
other hand, no gross slip occurs during the run-in process in fixture A, during which the value of
p may change and wear damage may obscure the presence of other damage mechanisms.
Among the three fixtures, a wide variety of conditions involving P, Q, average stresses for the
two, and bulk stress can also be accommodated. From these combinations, sufficient data for the
development of robust fretting fatigue models can be generated.
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